The Red Queen hypothesis (RQH) is one of the most widely accepted hypotheses explaining the persistence of sexual reproduction despite its costs. It posits that sexual species, compared with asexuals, are more adept at countering parasites, because their per-generation recombination rate is higher. Despite theoretical support, current empirical studies have failed to provide unanimous support. Here, we suggest that future tests of the RQH should more thoroughly elucidate its underlying assumptions and potential alternative hypotheses. While the RQH predicts that negative frequency-dependent selection shapes host-parasite interactions, differences between sexuals and asexuals are potentially important. Key assumptions about asexual species and their sexual close relatives include (i) ecological and behavioral traits are similar, (ii) among-individual genetic diversity is greater in sexuals than in asexuals, and (iii) within-individual genetic diversity is similar in asexuals and sexuals. We review current evidence for the RQH, highlight differences between asexual and sexual species and how those differences might translate into differential responses to parasite infections, and discuss how they can influence the results and interpretation of empirical studies. Considering differences between asexual and sexual species in future tests of the RQH will help to refine predictions and eliminate alternative hypotheses.
Introduction
Parasites are omnipresent in natural systems (Bush et al. 2001) . The relationship between hosts and parasites is a prime example of antagonistic coevolution, whereby hosts refine their defense strategies against parasites and parasites in turn evolve counter-adaptations to those defense strategies. Variation in specific host-parasite interactions (i.e., variation within host species to be resistant against certain parasite genotypes and variation within parasite species to infect certain host genotypes) can result in time-lagged, negative frequency-dependent selection (Hamilton 1980) , leading to rapid coevolutionary dynamics over short periods of time (Peters and Lively 1999) . Typically, this coevolutionary interaction is depicted as an oscillating, cyclical process, but reality might be leading to more complex and less predictable dynamics. This idea is known as the Red Queen hypothesis (RQH), 3 and in its most general interpretation it has served as an explanation for the evolution and maintenance of genetic variation within host populations (Schmid-Hempel and Ebert 2003) . For example, parasite diversity drives genetic polymorphisms at the major histocompatibility complex (MHC) in sticklebacks (Wegner et al. 2003 ) and cyprinid fishes (Simkova et al. 2006) , and colonies of bumblebees having queens that mated multiply have less parasites (Baer and Schmid-Hempel 2001) .
More specifically, the RQH is currently one of the most widely accepted hypotheses to explain the maintenance of sex and recombination (Jaenike 1978; Hamilton 1980; Bell 1982; Seger and Hamilton 1988; Hamilton et al. 1990 ), an unresolved paradox in evolutionary biology numerous theories have attempted to explain (Ladle 1992; Kondrashov 1993; West et al. 1999) . All other things being equal (and this is a critical assumption), an asexually reproducing individual can propagate its genes with twice the rate of a sexual conspecific. Furthermore, a sexually reproducing individual passes on only half of its genes to the next generation, and successful genotypes are destroyed by recombination in every reproductive cycle. Although sex can accelerate the rate of evolution and in the long term may reduce the probability of extinction (Maynard Smith 1978; Ridley 2004) , asexuality provides a short-term advantage that needs to be overcome by sexual reproduction. Thus, theoretically asexual lineages should be able to replace sexuals over short periods of time (Maynard Smith 1978; Lively and Lloyd 1990) . This is a striking mismatch of theory and reality, because despite its twofold costs, sexual reproduction is omnipresent. The RQH attempts to explain this by arguing that recombination results in genetically diverse offspring that, contrary to the more uniform offspring of asexuals, are difficult, ''moving'' targets for parasites and diseases. Accordingly, the reduction of fitness through coevolving parasites and diseases in asexuals contributes to the short-term persistence of sexual reproduction despite its costs. Henceforth, we focus solely on the RQH as a potential explanation for the maintenance of sex.
Testing the Red Queen
Although mathematical models have provided theoretical support for the RQH (Hamilton et al. 1990; Agrawal 2006 ; but see Otto and Nuismer 2004) , there is a current dearth of empirical studies (Wuethrich 1998) . The RQH makes several predictions (Table 1 ; see also Ebert and Hamilton 1996) , some of which are testable in purely asexual or purely sexual populations, whereas others require comparisons of closely related asexuals and sexuals that coexist in the same habitat. Studies on purely asexual and sexual populations provide knowledge on Red Queen dynamics that have important implications in the understanding of the RQH's role in the maintenance of sex. Although Red Queen cycles may be present in a given system (either sexual or asexual), the only way to estimate the degree to which parasites select for sex is the comparison of coexisting sexuals and asexuals.
Empirical studies testing the predictions of the RQH have shown inconsistent results (Table 2) . Nonetheless, this hypothesis has entered the textbooks of evolutionary biology as a solution for the paradox of sex (Freeman and Herron 2001; Maynard Smith 2002; Ridley 2004) . One possible reason for the inconsistent findings of previous tests of the RQH is that a fundamental assumption in all studies relying on the pairwise comparison of spatial and temporal patterns of parasitism between closely related sexual and asexual forms is not fulfilled: the assumption that apart from the reproductive mode all other things are equal.
Asexuals are different
Ideally sexuals and asexuals compared to test the RQH should coexist ecologically, and only differ in their mode of reproduction. Implicitly, this is assumed by most studies. According to this basic assumption, the susceptibility to parasite infections of a given genotype, both in sexuals and in Van Valen (1973) to account for the observation that in fossil records the extinction of a taxon is unrelated to its age. The hypothesis is a model of coevolution among species competing for resources in an ''adaptive zone''. If one species gains an advantage in exploiting the resource, a suitable response needs to evolve in the other taxa or they eventually become extinct. In such a model, species are constantly evolving, but relative fitness is not changing. The name of this hypothesis was inspired by Lewis Carrol's Alice through the Looking Glass as the Red Queen said to Alice: ''Here you see, it takes all the running you can do, to keep in the same place. '' Since Van Valen (1973) , the Red Queen has been applied to many ideas in evolutionary biology and related fields, e.g., to explain the coevolutionary arms race between hosts and their parasites (Schmid-Hempel and Ebert 2003) , the role of parasites in the maintenance of sexual reproduction (Bell 1982) , the evolutionary dynamics of predator-prey interactions (Dercole et al. 2006) , or understanding lymphocyte survival (Freitas and Rocha 1997) .
asexuals, is only dependent on Red Queen dynamics, i.e., the frequency of the genotype in the population (Bell 1982; Seger and Hamilton 1988) . However, genetic (Gray and Gill 1993; Malo and Skamene 1994; Carton et al. 2005) , ecological (Tinsley 1989; Reimchen and Nosil 2001) , and behavioral (Moore 2002) factors also affect susceptibility of hosts to parasitism, although these have been largely ignored in the study of the RQH. These factors may potentially influence the observed patterns of parasitism making any interpretation of Red Queen mechanisms difficult. It often remains unclear if the causes of significant differences in parasitism between sexuals and asexual are in fact due to frequencydependent selection (e.g., Hakoyama et al. 2001) . Furthermore, the lack of differences in parasitism per se does not provide evidence that the Red Queen mechanisms are not at work (e.g., . Here, we review current evidence for the RQH, highlight fundamental differences between asexuals and sexuals at three levels of organization (i.e., genome, individual, and population), and discuss how these differences may influence the results of empirical studies.
Ecological and behavioral differences
Although coexisting in the same habitats, ecological differences can be found in some model systems, which potentially lead to differential exposure to infectious agents. Such differences have been shown to cause differential parasitism even within species. For example, female and male sticklebacks feed on different food items and as a consequence are parasitized by different parasites (Reimchen and Nosil 2001) . Ecological differentiation has been reported between sexuals and asexuals. For example, in fishes of the genus Poeciliopsis, parthenogens were hypothesized to use resources underutilized by the coexisting sexual parental species (frozen niche variation model ; Vrijenhoek 1979) , and have different microhabitat use and foraging behaviors . Currently, we remain ignorant about how ecological differences among the reproductive forms contribute to differences in parasitism, and if changes of ecological preferences in asexuals evolved to minimize the exposure to parasites.
Similarly, behavioral adaptations have been shown to reduce infection risk in many sexual species (Moore 2002) . Consequently, behavioral counter-adaptations may also be expected in asexuals. Contrary to the sexual parental species, asexual Amazon mollies (Poecilia formosa) avoid males infected with black-spot disease (Tobler et al. 2006) . Although this trematode-induced disease is not directly transmitted, secondary infections with fungi, bacteria, and viruses might be present in infected fish (Lane and Morris 2000) , and drive the evolution and maintenance of the preference of asexuals (Tobler et al. 2006 ). In conclusion, differences in patterns of parasitism between asexuals and sexuals may be consistent with the RQH, but may also be explained by ecological or behavioral differentiation.
Genetic diversity: a population perspective
Even more important than ecological and behavioral differentiations, sexuals and closely related clonal forms often differ fundamentally in their genetic composition. A central assumption of the RQH is that rare genotypes have a selective advantage over common genotypes. Because of the effective lack of recombination, asexuals are assumed to be unable to generate new and rare genotypes (except through mutation). Consequently, genetic diversity should be lower in asexual than sexual populations. Intriguingly, mutation is but one source of genetic variation in asexuals. Here we consider the two most important evolutionary scenarios.
Single vs. multiple origin of asexuals
If an asexual form is of single origin, the major source of genetic diversity within the asexual population is mutation; however, introgression was reported in some spermdependent asexual species (Schartl et al. 1995; Lampert et al. 2005; D'Souza et al. 2006) . As a consequence of a single origin, the genetic diversity within populations of asexuals relative to the sexual progenitors is assumed to be low. Because of their twofold advantage, clones should become common within a short period of time and according to the RQH become susceptible to frequency-dependent selection through parasites. Single origin of parthenogens in metazoans seems to be an exception rather than a rule. The only documented case so far is the Amazon molly (Poecilia formosa; D. Möller et al., in preparation 4 ), but the expected differences in parasitism compared with the coexisting sexual species could not be detected M. Tobler, unpublished data) .
Most asexuals derived from multiple origins in space and time (e.g., Wetherington et al. 1989; Jokela et al. 2003) , and continue to form de novo from their sexual progenitors through hybridization or polyploidization. The major source of genetic diversity within such asexual populations is not mutation, but the repeated evolution of asexuality. Thus, the genetic diversity within an asexual population is not necessarily significantly lower compared with the sexual progenitors, and multiclonal populations of parthenogens may be able to coexist with parasites in the long term (Dybdahl and Lively 1995) .
Incorporating immunogenetics
Given the differences in genetic diversity among asexuals, future tests of the RQH should be accompanied by monitoring the genetic diversity of host populations. This is relatively easy in purely clonal populations, since loci involved in the host-parasite interaction are genetically linked to the marker genes for the identification of clonal diversity (e.g., Dybdahl and Lively 1998 ; but for ameiotic recombination in clonal lineages see Omilian et al. 2006) . However, this is not possible if asexuals coexist with closely related sexuals and share a common pool of parasites.
In this case, the genetic diversity of clonal and sexual lineages must not be compared at any random locus but at loci relevant for the specific host-parasite interaction. Whereas the whole genome is one large hereditary unit in asexuals, the recombination in sexuals allows for independent rates of evolution in different parts of the genome. In the clonal subpopulation, frequency-dependent changes can be revealed by looking for changes in clonal frequencies; however, in sexuals, such changes will only be detectable in changes of allele frequencies at loci involved in the host-parasite interaction. While our understanding of invertebrate immune systems is still fragmentary, vertebrate immune defense is well understood (Janeway et al. 1999 ). The vertebrate immune system relies on two lines of defense: innate immunity and acquired immunity. Innate immunity is an efficient first protection against many pathogens; however, these innate reactions are not specific (Janeway et al. 1999) . Adaptive immunity, on the other hand, is highly specific and antibody-based. Antigen-presenting cells bind nonself peptides (e.g., peptides from the proteins of parasites) to receptors of the major histocompatibility complex (MHC) and interact with T-lymphocytes. These cells activate antibody producing B-lymphocytes (Janeway et al. 1999; Penn and Potts 1999) .
The first step in a successful immune reaction is the recognition of parasites. In this process, genes in the MHC play a key role. MHC genes are highly polymorphic, and it was hypothesized that parasite-driven selection pressure maintains the high genetic diversity at MHC loci (Doherty and Zinkernagel 1975; Apanius et al. 1997; Penn and Potts 1999) . Since the product of the MHC genes, the MHC receptors, interact directly with the peptides of pathogens, the genes in the MHC are excellent candidate genes for the detection of parasite-induced frequency-dependent processes in vertebrates.
Thus, future tests of the RQH should include long-term (over several host generations) field studies to assay frequency-dependent changes at loci relevant in hostparasite interactions. Such simultaneous examination of parasitism patterns in coexisting asexual and sexual populations can test the idea that parasites are driving these timelagged, frequency-dependent processes. Finally, correlative field data should be supported by challenge experiments in controlled laboratory studies (see Dybdahl and Lively 1998) . In challenge experiments, hosts are exposed to pathogens and host performance is measured using a variety of indirect and direct tests, such as immunoassays or directly measuring mortality. For tests of the RQH, locally common and rare host genotypes should be exposed to parasite isolates (Dybdahl and Lively 1998) . Under standardized experimental conditions, recently common clones are expected to be most susceptible.
Genetic diversity: an individual perspective
There are at least two alternative and potentially important factors causing differential susceptibility of asexuals and sexuals at the individual level: (1) accumulation of deleterious mutations and (2) the mode of origin, which influences the genetic diversity within individuals. A closer look at these factors illustrates problems in the interpretation of data concerning the distribution of parasites in asexual and sexual forms because multiple hypotheses predict a higher parasite load in asexuals.
Mutation accumulation
Asexual lineages are hypothesized to accumulate deleterious mutations over the course of time (Muller 1964; Kondrashov 1988; Chao 1990; Vorburger 2001) . The accumulation of mutations in genes relevant for immune defense may lead to a deterioration of immune function. For example, asexual Carassius have lower phagocyte activity than their sexual relatives (Hakoyama et al. 2001) . Similarly, bacteria with high mutation loads have lower resistance to phage infections and suffer from higher fitness costs when evolving resistance (Buckling et al. 2006) . As in the RQH, an impaired immune function owing to accumulation of mutations in asexual lineages is predicted to result in higher parasite loads compared with coexisting sexual relatives. Consequently, the susceptibility to parasites of a given clonal lineage is a function of time, where relatively young clones have an intact immune system and similar parasite loads as sexuals. Only older clones suffer from higher parasite loads, which ultimately may cause the extinction of that clonal lineage. A pattern consistent with this hypothesis was found by Neiman et al. (2005) in the snail Potamopyrgus antipodarum. Here older asexual lineages were only found at sites where parasite prevalence was low but were absent in parasite-rich habitats. Therefore, finding higher parasite loads in the asexual lineage of two coexisting asexual and sexual relatives is not only consistent with predictions of at least two different hypotheses, the RQH and the mutation accumulation hypothesis, but there may be an interactive effect in that the presence of mutations may slow down the coevolutionary dynamics expected by the RQH (Buckling et al. 2006 ).
Effects of hybridization and polyploidization
Most asexual metazoans originated through hybridization or auto-polyploidization (Dawley 1989) . The mode of origin has been shown to influence fitness components in asexuals (Johnson 2005) and it may also have consequences for the immune function of asexuals. However, theoretical models on the effects of hybridization and polyploidization on immune function provide no clear predictions.
Regarding hybridization, three basic quantitative models of hybrid resistance have been proposed for animal and plant model systems (Fritz et al. 1999; Moulia 1999) : (1) an additive model in which hybrid resistance is intermediate to that of the parental species, (2) dominance and partial dominance models in which hybrid resistance resembles the resistance of one parental species (dominance of susceptibility or dominance of resistance), and (3) overdominance models with hybrid resistance significantly lower (overdominance for susceptibility, outbreeding depression, hybrid susceptibility) or higher (heterosis, overdominance for resistance, hybrid resistance) than that of parental species. Patterns of disease resistance predicted by the above models have been documented from natural (Fritz et al. 1999; Moulia 1999 ) and artificial (Fjalestad et al. 1993) hybrids.
Similarly, polyploidization was hypothesized to have favorable and adverse effects on disease resistance. Additional sets of chromosomes in polyploid asexuals lead to increased genetic diversity within an individual, which may have a positive effect on the resistance to parasites (LaPatra et al. 1996; Nuismer and Otto 2004; Osnas and Lively 2006) . Increased ploidy may have an adverse effect on the immune system, because polyploidization can result in an increased cell size, which can lead to a decreased number of cells in the body and changes in cell shape (Fankhauser 1945; Otto and Whitton 2000) . This will particularly affect physiological processes in which cell size and cell number may play a crucial role (like immune function; Hakoyama et al. 2001) . Empirically, lower levels of disease resistance have been documented in natural (Hakoyama et al. 2001) and artificial (Langston et al. 2001) polyploids.
In essence, it is very hard to predict the level of genetic immunity in asexuals at their origin from a sexual ancestor. Furthermore, the predictions on how mutation accumulation, hybridization, and polyploidization affect the parasite loads in coexisting sexual and asexual lineages can be the same as in the RQH. In systems where asexuals are continuously emerging from sexuals, a short-term persistence of individual clonal lineages with comparatively low levels of immunity might be possible. Parasites may certainly play a role in the decline and extinction of clonal lineages, which would be reflected in the pattern of parasitism, but instead of frequency-dependent selection, disadvantages arising from hybridization, polyploidization, or accumulation of deleterious mutations could also be the driving forces.
Likely, only asexuals starting out with the same or even a higher immune function as their coexisting sexual relatives can persist in the long term. The initial level of immune function likely will have an influence on the level of immune function that can be observed in present asexuals after generations of parthenogenetic reproduction and clonal selection. The influence of Red Queen mechanisms can be expected to erode the potential initial advantage of asexuals by the quickly coevolving parasites (Osnas and Lively 2006) . Nonetheless, improved immunocompetence to noncoevolved parasites might be advantageous in the long term, since besides the few highly virulent pathogens driving a system there might be a pool of slower or non-coevolving pathogens that still have fitness consequences for their hosts.
Only challenge experiments can reveal how these factors and processes influence immunocompetence of recent asexuals. Further, such experiments will help to identify the consequences (i.e., frequency-dependent dynamics) of differences in immunocompetence between sexuals and asexuals. For this purpose, asexuals and sexuals should not only be exposed to coevolved parasite isolates from natural populations, since possible differences in immune response cannot be attributed only to the immune system of the host, but also to adaptations of the pathogen to certain host genotypes (see Lively and Dybdahl 2000) . Such experiments should further be accompanied by immunogenetic and genetic analyses to estimate the influence of differences in within host genetic variation between sexuals and asexuals.
Differences in resource allocation and lifehistory strategies
A fundamental assumption of the RQH is that a host's susceptibility is dependent on the interaction of host and parasite genotypes. However, cases in which the outcome of a host-parasite interaction is specifically determined by host and parasite genotype (allele models; Schmid-Hempel and Ebert 2003) are probably rare (but see Thompson and Burdon 1992; Schmid-Hempel et al. 1999; Carius et al. 2001 ). In theory, immune response can be entirely nonspecific and effective against all relevant parasites. Nongenetic factors such as host condition play an important role in disease resistance, because using the immune system is associated with significant costs (Sheldon and Verhulst 1996; Zuk et al. 1996; Gemmill and Read 1998; SchmidHempel 2003; Schmid-Hempel and Ebert 2003) .
Immune defense is not an all or nothing process, but different branches of the immune system that are associated with different levels of costs and can be regulated independently (Janeway et al. 1999) . Constitutive responses, for example, are always present and capable of defense without previous contact, whereas induced responses are only activated after a parasite or disease vector has been recognized. Consequently, immune response to a given pathogen can vary in time, duration, specificity, and intensity (SchmidHempel 2003) . The actual immune response is not only dependent on the genetic background of an individual, but the availability of resources (e.g., energy, proteins, and other specific nutrients to build up the effectors of the immune response) has an influence especially on its duration and intensity (Sheldon and Verhulst 1996; Zuk and Stoehr 2002) .
Hyper-resistant asexuals?
In theory, hyper-resistant parthenogens may not only arise through generations of clonal selection, but we hypothesize that asexuals facing a genetic disadvantage (e.g., through Red Queen processes) may be selected for investing more resources in immune defense. Taking into account the twofold advantage of asexual reproduction, the additional investment into immune defense could be substantial. Asexuals could invest more in constitutive responses or generally start the response more rapidly, maintain it for a longer period of time and with a higher intensity. Consequently, the higher the influence of nongenetic factors for minimizing fitness reductions owing to parasitism, the more patterns of parasitism predicted by the RQH may actually be abolished.
More importantly, the costs of an elevated investment into immune defense would eventually precipitate trade-offs of other life-history traits (e.g., growth, age of maturity, reproductive output). Thus, the ultimate reduction of the twofold advantage through changes in resource allocation and lifehistory strategies could contribute to the maintenance of sexual reproduction.
Concluding remarks
Although the theory that coevolving parasites select for sex is highly intuitive, empirical tests have provided equivocal results. Unfortunately, basic assumptions of the RQH are often only partially fulfilled, and in most systems studied so far, this has so far not fully been addressed. A notable exception is the work of C.M. Lively and co-workers studying the RQH in the freshwater snail Potamopyrgus antipodarum (for a review see Jokela et al. 2003) .
The basic assumptions do not only include the genetics and ecology of the hosts that were discussed here, but also genetics and ecology of the involved parasites. Parasites must have a considerable virulence to yield an advantage to sexuals that allow them to overcome the twofold advantage of asexuals (Howard and Lively 1998; Michiels et al. 2001 ; but see Agrawal 2006) . Most studies so far have focused on a single macroparasite species with comparatively long generation times, in which the actual damage to the host is unknown. Rather than choosing a parasite a priori, future approaches should attempt to survey multiple parasites within a host system to identify species that go through coevolutionary cycles with their hosts and have a highenough virulence. Bacteria, viruses, and other microparasites should be taken into consideration, since they are abundant pathogens and are known to have the potential to be highly virulent (Dronamraju 2004 ).
Considering differences (at the levels of genes, individuals, and populations) between asexuals and sexuals in future tests of the RQH will help to refine predictions and eliminate alternative hypotheses. This necessitates the long-term examination of hosts and their parasites in natural populations, accompanied by studies of the genetics, immune biology, life history, and ecology of the involved species. Theoretically, there are various mechanisms by which parasites can select for sex. Considering these factors will help to determine the most important mechanisms, as well as their interactions with other potential selective forces, that have been proposed to select for sex (West et al. 1999) .
